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University, Seoul, Korea; and §Mechanobiology Institute, National University of Singapore, SingaporeABSTRACT Curli are adhesive surface fibers produced by many Enterobacteriaceae, such as Escherichia coli and Salmonella
enterica. They are implicated in bacterial attachment and invasion to epithelial cells. In this study, atomic force microscopy was
used to determine the effects of curli on topology and mechanical properties of live E. coli cells. Young’s moduli of both curli-
deficient and curli-overproducing mutants were significantly lower than that of their wild-type (WT) strain, while decay lengths
of the former strains were higher than that of the latter strain. Surprisingly, topological images showed that, unlike the WT
and curli-overproducing mutant, the curli-deficient mutant produced a large number of flagella-like fibers, which may explain
why the strain had a lower Young’s modulus than the WT. These results suggest that the mechanical properties of bacterial
surfaces are greatly affected by the presence of filamentous structures such as curli and flagella.INTRODUCTIONThe bacterial cell wall plays a significant role in maintaining
cellular structure and resisting turgor pressure. It changes
during growth and division and also opens a pathway to
transfer information from the outer environment into the
cell, suggesting that the cell wall is dynamic and its mechan-
ical properties are of significant importance (1).
Bacteria produce various types of filamentous structures
that promote bacterial colonization on the surface (2).
Among these structures, curli fibers are a major component
of extracellular material produced by many Enterobacteria-
ceae. Curli consist of the major and minor subunits, i.e.,
CsgA and CsgB, in Escherichia coli. CsgA contains a
fivefold imperfect glutamine/asparagine-rich repeat motif
(R1–R5) and is capable of self-oligomerizing into amyloid
fibers (3). Curli fibers have been implicated in many physi-
ological and pathological processes including bacterial
attachment and invasion into host tissue (4,5). In addition,
curli are also involved in biofilm formation and offer protec-
tion against environmental stressors such as desiccation and
antimicrobial agents (6,7).
Atomic force microscopy (AFM) allows for resolving
surface nanostructures (8,9) of controlled composition in
aqueous media, which makes it ideally suited for analyzing
filamentous structures on the cell surface. It is also possible
to measure the cell wall stiffness, and analyses of AFM
force-indentation curves yield physical properties of the
surface such as Young’s modulus, internal turgor pressure,
and the stretching modulus of the bacteria of interest as
a function of medium ionic strength. Moreover, spontane-
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0006-3495/12/10/1666/6 $2.00used to elucidate electrosteric features in detail (10). In
this study, we determined the effects of curli production
on the topology and the physical properties of bacterial cells
using various AFM methods.MATERIALS AND METHODS
Bacteria strains, growth conditions, and
cultivation
E. coli K-12 strain W3110 (wild-type (WT) strain), its csgA single-gene
knockout mutant (CsgA ()) and csgA overexpressing mutant (CsgA
(þ)) were obtained from National BioResource Project (NBRP, Japan).
For maintaining the plasmid encoding csgA in CsgA (þ) mutant, chloram-
phenicol (Sigma, St. Louis, MO) was used at 30 mg/mL (final conc.) during
its culture (11). E. coli strains were grown overnight in 15 ml round poly-
propylene tubes containing Luria-Bertani (LB, Difco) medium at 37C and
220 rpm. The cultures were then 100-fold diluted in fresh LB medium and
continuously grown at 37C with aeration until their optical density at
600 nm reached 0.3. CsgA (þ) mutant was then grown for an additional
2 h after adding 1 mM isopropyl-b-D-thiogalactoside (IPTG, Sigma) to
overproduce CsgA (11). Production of curli was monitored by culturing
strains on Congo Red-YESCA (CR-YESCA) plates at 26C for 48 h
(12). CR-YESCA agar is composed of 10 g/L casamino acids (Difco),
1 g/L yeast extract (Difco), and 20 g/L Bacto agar (Difco), 20 mg/L CR
(Sigma), and 10 mg/L Coomassie brilliant blue G (Sigma).Preparation of AFM samples
For AFM imaging in liquid, bacteria were immobilized on gelatin-coated
mica substrate as described (13). A gelatin solution was prepared by
dissolving 500 mg gelatin (Gelatin, from porcine skin, G6144, Sigma) in
100 ml of distilled water at 60C. After cooling to 40C, both sides of
thin freshly cleaved mica surfaces were vertically dipped into the gelatin
solution and allowed to air dry by standing on a paper towel. Bacterial
suspensions were collected by centrifugation (1500  g) for 2 min and
resuspended in phosphate buffered saline. This washing step was repeated
three times. The final bacterial collection was then resuspended in 50 ml
of distilled water. A 20 ml aliquot was pipetted onto the gelatin-coated
mica surface and spread with a pipette tip to a diameter of 5–10 mm.
The samples were then allowed to stand for 40 min, rinsed in distilledhttp://dx.doi.org/10.1016/j.bpj.2012.09.004
Physical Properties of Bacterial Curli 1667water, and covered with distilled water for liquid imaging or indentation
measurement.Attachment capability of bacteria
Glass coverslips were rinsed with 70% ethanol and dried. They were placed
on a petri dish before the bacterial suspension was added. Subsequently, the
coverslips were incubated for up to 4 days in 20 ml of LB medium at 25C.
They were then gently rinsed with distilled water to remove nonadherent
bacterial cells on the glass coverslip and to prevent salt crystallization
during the drying procedure (14).FIGURE 1 Colonies grown on CR indicator agar. (a) WT, (b) CsgA (),
(c) CsgA (þ) grown on CR-YESCA plate without IPTG, and (d) CsgA (þ)
grown on CR-YESCA plate with 1 mM IPTG.AFM operation and force-distance curve
acquisition
Images were taken using an Agilent 5500 AFM (Agilent Technologies,
Chandler, AZ). For liquid imaging, magnetically coated AFM cantilevers
(type VII MAC lever, Agilent Technologies), with a nominal spring
constant of 0.1 N/m, were used in magnetic AC mode (MAC mode). The
driving frequency of the cantilever was 9–11 kHz (close to resonance
frequency) in liquid, and scanning was performed with a scan speed of
0.6 Hz and a 20% amplitude reduction. Detachment of bacteria was
achieved by increasing the amplitude reduction to 5 nm and the scanning
speed to 20 mm/s. For imaging bacterial attachment capability, AFM canti-
levers (MSCT, Brucker Instruments, Billerica, MA) with a soft spring
constant (0.01–0.03 N/m) were used in contact mode for AFM imaging
in ambient environment at the lowest possible force.
Indentation measurements were made in distilled water at room
temperature with a conical silicon nitride AFM tip (MSCT, Veeco Probes,
Plainview, NY) with a 0.03 N/m spring constant. The >100 force curves
were obtained on a randomly selected surface of each sample. Each force
profile, containing over 1000 data points, was first converted to an indenta-
tion curve, and indentation depth was obtained by subtracting the cantilever
deflection from the piezo displacement (15). All AFM experiments were
repeated at least 20 times on at least three different preparations.Swarm plate assay
A swarm plate was prepared with LB containing 0.3% Bacto agar (16).
Bacteria grown overnight in LB containing 1% Bacto agar was carefully
inoculated with a pipette tip onto the swarm plates. The plates were first
wrapped with parafilm to prevent dehydration and then incubated at 33C
for 16 h. Swarming motility was assessed by examining the colony sizes
and the spreading patterns on semisolid agar.RESULTS AND DISCUSSION
Discrimination of curli A production capability
by CR staining
Bacterial cells producing curli fibers were stained by
CR diazo dye, as this dye binds to cellulose and curli (7).
Curli-proficient producing strains displayed a bright red
color in the CR-YESCA plate containing the dye, whereas
curli-deficient stains remained white (7). The WT on the
plate was pink, as shown in Fig. 1 a, whereas CsgA ()
mutant remained an opaque white color (Fig. 1 b). CsgA
(þ) mutant requires IPTG to overexpress the csgA gene.
CsgA (þ) mutant before IPTG induction (Fig. 1 c) was
slightly darker than the WT (Fig. 1 a) and seemed to
produce a slightly higher amount of CsgA protein thanthe WT. CsgA (þ) mutant after IPTG induction (Fig. 1 d)
displayed a much darker red color than the one before
IPTG induction (Fig. 1 c), indicating that CsgA was over-
produced in the CsgA (þ) mutant by IPTG. The CR staining
results confirmed that each strain had a different capability
for CsgA production.Effects of CsgA on bacterial surface topography
AFM topography and amplitude images of different bacte-
rial strains were acquired in liquids using MAC mode
imaging to determine the effect of CsgA production on
the surface topology of live bacterial cells. Amplitude
images are shown here as they provide higher local contrast
than topography images. Both WT strain (Fig. 2 a) and
CsgA () mutant (Fig. 2 b) had a smooth surface without
any protruding structures. Once CsgA () mutant cells
were removed from the mica surface by faster scanning
and applying higher forces, flagella-like nanowires were
observed on the mica surface (Fig. 2 c). These nanowires
were not visible when removing the WT or CsgA (þ)
mutant. CsgA () mutant seemed to adhere more tightly
on the mica surface than the WT (compared in Fig. 2,
a and b). Before IPTG induction, the surface of CsgA (þ)
mutant was smooth (Fig. 2 d). Following induction by
IPTG to produce CsgA, the surface of this mutant became
rough (Fig. 2 e) and had protruded domains with diameters
of 50–100 nm (Fig. 2 f). The significant difference in
CsgA (þ) mutant arising from IPTG induction most likely
resulted from the formation of CsgA protein complexes on
the bacterial surface.Biophysical Journal 103(8) 1666–1671
FIGURE 2 Amplitude images of E. coli immo-
bilized on a gelatin-coated mica surface and
imaged in distilled water. (a) WT, (b) CsgA ()
mutant, (c) flagella-like nanowire structures ob-
served on mica surface after removing the
CsgA () mutant with an AFM tip, (d) CsgA (þ)
mutant before induction, (e) CsgA (þ) mutant after
induction, and (f) the magnified image of CsgA (þ)
mutant. Only the latter mutant showed bumps on
the bacterial surface. Scale bar represents 4 mm
(a–e) and 1 mm (f).
FIGURE 3 (a) Approach indentation curves measured on a mica surface,
WT, CsgA(), CsgA (þ) before induction, and CsgA (þ) after induction
bacterial surface, and (b) the distribution of Young’s modulus for the
different mutants.
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the bacterial surface and turgor pressure of the
bacterial cell wall
AFM indentation was used to measure stiffness, turgor pres-
sure, and decay length of each strain on a single layer of
bacterial cells adhered to a gelatin-coated mica surface
(cf. Fig. 2 a).
Stiffness of the bacterial surface
Fig. 3 a shows the approach curves measured on the cell
surfaces that correspond to different stiffness values for
each strain. As the initial nonlinear part of the force-
indentation curve is dependent on the cellular elasticity
during indentation (15,17), it was used to calculate Young’s
modulus, which relates to cell wall stiffness. Young’s modu-
lus was calculated using Sneddon’s variation of the Hertz
model for a conical tip, as described previously (15–18),
F ¼ 2
p
E
ð1 g2ÞtanðaÞd
2; (1)
where a is the half open angle of the tip (set to 25), g is the
Poisson ratio (set to 0.5 for biological samples), E is
Young’s modulus, d is the indentation depth of the AFM
tip, and F is the force applied to the bacterium. Indentation
depth was determined by subtracting the cantilever deflec-
tion on the bacterial surface from the cantilever deflection
on the hard mica surface. The measured curves were then
fit using the Hertz model for a conical tip to deduce Young’s
modulus values. Fig. 3 b shows a statistically relevant plot of
the Young’s modulus distribution. The mean and variance of
the Young’s moduli were obtained by fitting Gaussian distri-
butions of the Young’s modulus for each mutant. The
Young’s modulus of the WT was 274 5 4 kPa, which was
similar to the value found in the literature (17). The Young’sBiophysical Journal 103(8) 1666–1671modulus of the CsgA () mutant was 1.05 5 0.05 kPa,
which was much lower than that of the WT. The decreased
Young’s modulus in the CsgA () mutant was most likely
due to the presence of flagella-like nanowires (cf. Fig. 2 c)
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modulus for the CsgA (þ) mutant decreased dramatically
from 109 5 19 kPa to 0.22 5 0.01 kPa after IPTG induc-
tion. This change evidently reflected the presence of the
CsgA protein (cf. Fig. 1), which may act as polymer brush
on the surface as well.
Turgor pressure and thickness of bacterial surface molecules
The effective spring constant of the cell wall and the decay
length of the steric force sensed upon approaching the bacte-
rial surface represent the cell’s turgor pressure (19) and the
thickness of the protruding protein on the surface, respec-
tively. Thus, the late linear part of the force-indentation
curve was used to calculate the bacterial spring constant
according to (17)
kb ¼ kcs
1 s; (2)
where kb is the effective spring constant of the bacteria, kc is
the spring constant of the AFM cantilever, and s is the slope
of linear part of the indentation curves. Approach curves
were fitted to quantify the steric interactions (20), using
the models of Alexander (21) and de Gennes (22), as modi-
fied for AFM analysis (23,24)
ln

F
F0

¼ 2p
L
d; (3)
where F is the measured steric force, F0 is the force at zero
separation transition to the first linear part of the force curve
(24), L is a fitting parameter representing an equilibrium
polymer brush decay length, and d is the tip-sample
separation.
The effective spring constants of the WT and CsgA ()
mutant were calculated to be 0.011 5 0.001 N/m and
0.011 5 0.002 N/m, respectively, and the values for CsgA
(þ) mutant before and after IPTG induction were 0.0115
0.003 N/m and 0.013 5 0.001 N/m (Table 1). These data
indicate that the effective spring constant representing the
turgor pressure of the bacterial cells was not affected by
bacterial surface structures. Because there was no change
in bacterial turgor pressure of the mutants compared to
that of the WT, this parameter most likely reflected theTABLE 1 Young’s modulus, turgor pressure, and decay
length of each strain (mean5 standard deviation) measured
by AFM
Young’s modulus
(kPa)
Turgor pressure
(N/m)
Decay length
(nm)
WT 2745 4 0.0115 0.001 15.35 7.1
CsgA () 1.0550.05 0.0115 0.002 255.35 118.0
CsgA (þ) before
induction
1095 19 0.0115 0.003 20.65 12.7
CsgA (þ) after
induction
0.225 0.01 0.0135 0.001 165.25 62.8mechanical properties of the cell wall, and the decrease in
Young’s modulus reported previously must have been
induced by changes in bacterial surface properties.
AFM steric modeling has been extensively used to calcu-
late the thickness of bacterial surface molecules (24,25). We
estimated the thickness of the outer bacterial surface layer
using this method. Unlike turgor pressure, the decay length
of the bacterial surface was clearly affected by CsgA pro-
duction. The decay lengths of CsgA () mutant (255.3 5
118.0 nm) and CsgA (þ) mutant after IPTG induction
(165.25 62.8 nm) were longer than those of the WT strain
(15.35 7.1 nm) and CsgA (þ) mutant before IPTG induc-
tion (20.65 12.7 nm). These differences evidently reflected
the presence of the CsgA protein on CsgA (þ) mutant after
induction (cf. Figs. 1 and 2) and the presence of flagella-like
structures on CsgA () mutant, respectively, which both act
as a polymer brush on the surface.Effect of CsgA on bacterial attachment
We compared the attachment capability of each strain grown
for 30 min, 24, 48, and 72 h in LB medium to elucidate the
kinetics of surface adherence. AFM images were recorded
at ambient conditions using contact mode. Fig. 4, a–d, shows
the WT E. coli in which the number of bacterial cells
increased over time, thereby aggregating into clusters with
a few visible flagella-like structures. CsgA () mutant
initially formed a near continuous layer on the surface and
a high density of flagella structures (Fig. 4, e–g). However,
after 72 h of growth (Fig. 4 h), only a few bacterial cells
remained on the surface. Apparently, the flagella promoted
temporal bacterial surface layer formation of CsgA ()
mutant but decreased the attachment capability with pro-
longed incubation time. This confirmed that motility only
enhanced the initial cell-to-surface contact, possibly by over-
coming the repulsive forces between the cell and the surface
(26,27). Thus, the flagella only contributed to the spread of
growing bacteria along the abiotic surface but were not
supportive for mature biofilm formation in E. coli (27–29).
Interestingly, the CsgA (þ) mutant that was not induced
was more aggregative and formed multilayered structures
faster than the WT (Fig. 4, i–l). This behavior was even
more pronounced after IPTG induction, and the curli over-
producing mutant (Fig. 4, m–p) displayed the tightest
adhesion between bacterial cells and the substrate. There-
fore, it is suggested that the flagella are not unconditionally
required for initial adhesion during biofilm development
(30). In contrast, our data clearly reveal that curli are the
most critical factor for the firm attachment of bacterial cells
onto the surface.Effect of CsgA on E. coli motility
E. coli motility was greatly increased on the CsgA ()
mutant, whereas it was strongly inhibited on the CsgA (þ)Biophysical Journal 103(8) 1666–1671
FIGURE 4 Deflection images of E. coli bacterial
attachment on a glass surface after 30 min, 24, 48,
and 72 h. WT at 30 min (a), 24 h (b), 48 h (c), and
72 h (d); CsgA () mutant at 30 min (e), 24 h (f),
48 h (g), and 72 h (h); CsgA (þ) mutant before
induction at 30 min (i), 24 h (j), 48 h (k), and
72 h (l); CsgA (þ) mutant after induction at
30 min (m), 24 h (n), 48 h (o), and 72 h (p). All
images are 15  15 mm2 in area.
1670 Oh et al.mutant when compared to that of the WT (Fig. 5). This
result concurred with our AFM images (Figs. 2 c and 4),
as we observed some flagella structures around the WT,
many of them around the CsgA () mutant, but none around
the CsgA (þ) mutant. It was also previously reported that
a curli-deficient E. coli strain produced flagella (31).
Because Curli and flagella production are inversely regu-
lated in E. coli (32), it is not surprising that the CsgA ()
mutant displayed strong motility, whereas the CsgA (þ)
mutant lost its motility.CONCLUSIONS
We investigated the topological and mechanical differences
on the surface of various mutants of live E. coli bacterial
cells using AFM. The CsgA (þ) mutant after IPTG induc-FIGURE 5 Swarming motility of E. coli strains. (a) WT (normal
swarming type), (b) CsgA () mutant (strongly increased type), and (c)
CsgA (þ) mutant (repressed type).
Biophysical Journal 103(8) 1666–1671tion produced protruding curli protein structures that
affected cell wall mechanical properties. This overproduc-
tion of curli decreased Young’s modulus but increased the
decay length on the bacterial surface, while maintaining
the inner turgor pressure. We also observed a tremendous
generation of flagella filaments on the live CsgA () mutant
accompanied by an increase in decay length on the cell
surface. Our results show that production of the curli protein
promoted bacterial firm attachment to the abiotic surface
of E. coli, whereas overproduction of flagella hindered
prolonged attachment of E. coli to an abiotic surface. The
quantitative information obtained by AFM suggests that
many critical issues of how mechanical parameters influ-
ence cellular behavior can be properly addressed using
this method.
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